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Figure 4.—Measured test data (EJ-309 HV detector) prior to 

unfolding (beam 2.9 MeV, 15 mA, 6 h). (a) PSD plot for TS1576 
utilizing the 8σ constraint window used to ensure separation of 
neutrons from γ rays. (b) Detector-measured counts for TS1576 
(ErD3) and TS589 (Er-bare) versus energy (50-keVee bins); 
(c) Comparison of measured net counts for ErD3 with two 
detector simulations for a source of monochromatic neutrons 
with energies (En) of 2.45 MeV and 4 MeV.  

measured counts. For reference purposes, the simulation results 
were scaled as follows: 2.45 MeV spectrum per neutron was 
scaled up by 17,000 and the 4 MeV neutron spectrum was 
scaled up by 6,000 to roughly match the area under the 
experimental curves. It is noted that the shape of the curve 
forErD3 in the 0 to 800 keVee range bears significant 
resemblance to that in Reference 30, where a similar 
scintillator/PSD approach was used to measure neutron 
energies for a 35-DD-W-S NSD/Gradel-Fusion d-D fusion 
neutron generator.  

3.3 Neutron Spectra and Process 
Reproducibility 

Utilizing the methods for the detector modeling and neutron 
energy unfolding mentioned earlier, the net (fueled minus 
unfueled) PSD data were converted into neutron spectra.  
Figure 5 presents data showing neutron spectra measured for 
the 6-h aggregate data for two separate ErD3 test samples, 
Figure 5(a) for TS1575 and Figure 5(b) for TS1576, both 
corrected for background and unfueled exposure. The 
HEBROW unfolding algorithm incorporates the intrinsic 
detector efficiency. The unfolded neutron spectra show a 
number of interesting features, including several primary 
neutron energy peaks of 2.45, 4, and (to a lesser degree) 5 MeV, 
and an apparent shoulder peak at 4.2 MeV. The measured 
neutron energies were remarkably close, indicating process 
reproducibility. Figure 5(c) shows the neutron spectra for 
TS1575 measured using the solid-state stilbene detector, 
showing the nominal 2.45-MeV fusion neutron peak, which 
was in the calibrated range of the detector. The higher-energy 
peaks occur in the nonlinear range of the detector and are not 
presented here.  

3.4 Alternate Material Exposure: Titanium 
Deuteride 

Figure 6 shows the neutron spectra for TiD2 using the EJ-309 
detector for the net fueled (TS610 to 612) minus unfueled 
(TS631) PSD data. The unfolded neutron spectra show a 
number of interesting features, including several primary 
neutron energy peaks of 2.45 MeV (fusion energy), 4 MeV, and 
(to a lesser degree) 5 MeV, and an apparent shoulder peak  
4.2 MeV. It is noted that the fluence of the fusion-energy 
neutron peak (≈2.45 MeV) is approximately 30 percent higher 
for the TiD2 than for the ErD3, accounting for the exposure 
times. Fusion energy neutron counts are scaled to sample 
location 1.8×103 neutron counts per second using EJ-309. 
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Figure 7.—Comparison of neutron spectra from (a) current 

work bremsstrahlung radiation of deuterated samples 
(TS1575 6 h exposure) and (b) inertial confinement fusion 
aggregation of nine shots, TOF detectors on-axis (Ref. 31). 
Original content from Reference 31 IOP work may be used 
under the terms of the Creative Commons Attribution 3.0 
license. Any further distribution of this work must maintain 
attribution to the author(s) and the title of the work, journal 
citation and DOI. 

4.2 Comparison of Current Deuteron Heating 
to Published Work 

Mori et al. (Ref. 31) conducted direct-drive inertial 
confinement fusion (ICF) experiments with deuterated 
polystyrene spheres. Using a three-step pulse, Mori observed 
that deuteron heating had occurred. Detailed time-of-flight 

neutron measurements along the axis (0°) and off-axis (90°) 
indicated both fusion energies (90°) and neutrons having 
greater than fusion energy. Figure 7 compares neutron spectra 
from the current work (Figure 7(a)) to Mori’s on-axis (0°) 
results (Figure 7(b)) where he claims deuteron heating 
occurred, resulting in higher-energy neutrons. Although Mori 
does not highlight it, there is evidence of 2.45-MeV neutrons 
even on the on-axis case. Similarly, the peak at 1.8 MeV 
attributed by Mori to 12C(d, n)13N may include neutrons that 
have cooled by deuteron heating. 

One can see there is some evidence in both plots of neutrons 
in the 4 MeV range. In Reference 31, the nominal 4-MeV peak 
shows a relatively broad base and seems to be consistent with 
boosted neutrons resulting from deuteron heating with energy 
ranges consistent with those in Table IV. However, note that the 
 

4-MeV peak in Figure 7(a) rises very sharply, which suggests 
that there is a primary reaction, such as screened Oppenheimer-
Phillips stripping processes, consistent with the candidate 
reactions in Table VI. 

4.3 Comparison of Measured and Theoretical 
Calculations 

4.3.1 d-D Fusion Rates, Calculation 

The methods outlined in Pines et al. (Ref. 12) were used to 
determine an estimate of the d-D fusion rates for the following 
conditions: 2.9-MeV beam energy and 450-µA current for each 
of the 16 vials. The calculations were performed in 
Mathematica (Ref. 32) using the following steps: (i) calculation 
of the bremsstrahlung spectrum from 0 to 2.9 MeV, using the 
five-term β function approximation with a 2.9-MeV endpoint 
(see Figure 3 for spectra); (ii) calculation of the photoneutron 
energy spectra; (iii) determination of the resulting deuteron 
energy spectra (from these calculations note the average 
photoneutron energy of 145 keV and average hot deuteron 
energy of 64 keV); and (iv) determination of the number of d-
D reactions per second per vial, utilizing shell and plasma 
screening. Of the total number of d-D reactions per second, half 
would have created neutrons via 2H(d, n)3He, and the other half 
would have created protons via 2H(d, p)3H. Both shell and 
plasma screening (with screening length λsc = 4.16×10−10 cm) 
were used to calculate a total reaction rate for all 16 samples of 
1.2×103 neutrons/s. 

4.3.2 d-D Reaction Rates, Experimental 
Fusion energy neutron counts scaled to the sample location 

were determined to be 1.5±0.3×103 neutrons/s for TS1575 and 
1.6±0.3×103 neutrons/s for TS1576 via the EJ-309 detector, 
showing process reproducibility. These values were obtained 
by scaling the neutron counts integrated in the fusion energy 





NASA/TP-20205001616 14 

publications/effect-of-pd-and-dd-reactions-enhancement-
in-deuterides-tidsub2su Accessed May 20, 2020. 

8. Assenbaum, H.J.; Langanke, K.; and Rolfs, C.: Effects of 
Electron Screening on Low-Energy Fusion Cross Sections. Z. 
Phys. A, vol. 327, 1987, pp. 461–468. https://link.springer.com/ 
content/pdf/10.1007/BF01289572.pdf Accessed May 21, 2020. 

9. Greife, U., et al.: Oppenheimer-Phillips Effect and Electron 
Screening in d+ d Fusion Reactions. Z. Phys. A, vol. 351, 
1995, pp. 107–112. https://link.springer.com/article/10.1007 
%2FBF01292792 Accessed May 20, 2020. 

10. Strieder, Frank, et al.: Electron-Screening Effects on Fusion 
Reactions. Naturwissenschaften, vol. 88, 2001, pp. 461–467. 
https://link.springer.com/article/10.1007%2Fs00114010026
7 Accessed May 20, 2020. 

11. Bonomo, C., et al.: Enhanced Electron Screening in d(d, p)t 
for Deuterated Metals: A Possible Classical Explanation. 
Nucl. Phys. A, vol. 719, 2003, pp. C37–C42. 
https://www.sciencedirect.com/science/article/abs/pii/S0375
947403009552?via%3Dihub Accessed May 20, 2020. 

12. Pines, Vladimir, et al.: Nuclear Fusion Reactions in 
Deuterated Metals. Phys. Rev. C (NASA/TP—2020-
5001617), vol. 101, 2020, p. 044609. https://journals.aps.org/ 
prc/abstract/10.1103/PhysRevC.101.044609 Accessed May 
21, 2020. 

13. Oppenheimer, J.R.; and Phillips, M.: Note on the 
Transmutation Function for Deuterons. Phys. Rev. vol. 48, 
no. 6, 1935. https://journals.aps.org/pr/abstract/10.1103/ 
PhysRev.48.500 Accessed May 21, 2020. 

14. Steinetz, Bruce M. et al.: Experimental Observations of 
Nuclear Activity in Deuterated Materials Subjected to a Low-
Energy Photon Beam. NASA/TM—2017-218963, 2017. 
http://ntrs.nasa.gov 

15. Benyo, Theresa, L., et al.: Investigation of Deuterium 
Loaded Materials Subject to X-Ray Exposure. NASA/TM—
2015-218491/REV1, 2017. http://ntrs.nasa.gov 

16. Belyaev, V.B., et al.: Nuclear Fusion Induced by X rays in 
a Crystal. Phys. Rev. C, vol. 93, 2016, p. 034622. 
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.93
.034622 Accessed May 21, 2020. 

17. Didyk, A. Yu.; and Wisniewski, R.: Phenomenological 
Nuclear-Reaction Description in Deuterium-Saturated 
Palladium and Synthesized Structure in Dense Deuterium 
Gas Under γ-Quanta Irradiation. Phys. Particles Nuclei Lett., 
vol. 10, 2013, pp. 273–287. https://link.springer.com/article/ 
10.1134/S1547477113030035 Accessed May 21, 2020. 

18. Kaschuck, Yu.A., et al.: Fast Neutron Spectrometry With 
Organic Scintillators Applied to Magnetic Fusion 
Experiments. Nucl. Instrum. Methods A, vol. 476, 2002, pp. 
511–515. https://www.sciencedirect.com/science/article/pii/ 
S0168900201014991?via%3Dihub Accessed May 21, 2020. 

19. Tarasko, M.Z.; Soldatov, A.; and Rudnikov, V.: Description 
of Bremmstrahlung Spectra From a Thick Target for 4-12-
MeV Electrons. At. Energy, vol. 65, 1988, pp. 858–860. 
https://link.springer.com/article/10.1007/BF01125020 
Accessed May 21, 2020. 

20. Pelowitz, D.B.: MCNPX User’s Manual, Version 2.7.0. Los 
Alamos National Laboratory LA–CP–11–00438, 2011. 

21. Wattenberg, A.: Photo-Neutron Sources. Argonne 
National Laboratory Preliminary Report No. 6, 1949. 

22. Polack, J.K.: An Algorithm for Charge-Integration, Pulse-
Shape Discrimination and Estimation of Neutron/Photon 
Misclassification in Organic Scintillators. Nucl. Instrum. 
Methods A, vol. 795, 2015, pp. 253–267. https://www. 
sciencedirect.com/science/article/pii/S0168900215006889
?via%3Dihub Accessed May 21, 2020. 

23. Norsworthy, Mark A., et al.: Evaluation of Neutron Light 
Output Response Functions in EJ–309 Organic Scintillators. 
Nucl. Instrum. Methods A, vol. 842, 2017, pp. 20–27. 
https://www.researchgate.net/publication/309452653_Eval
uation_of_Neutron_Light_Output_Response_Functions_in
_EJ-309_Organic_Scintillators Accessed May 21, 2020. 

24. Kaplan, A.C., et al.: EJ–309 Pulse Shape Discrimination 
Performance With a High Gamma-Ray-to-Neutron Ratio and 
Low Threshold. Nucl. Instrum. Methods A, vol. 729, 2013, 
pp. 463–468. https://pennstate.pure.elsevier.com/en/public 
ations/ej-309-pulse-shape-discrimination-performance-with-
a-high-gamma-r-2 Accessed May 21, 2020. 

25. Yousefi, S.; Lucchese, L.; and Aspinall, M.D.: Digital 
Discrimination of Neutrons and Gamma-Rays in Liquid 
Scintillators Using Wavelets. Nucl. Instrum. Methods A, vol. 
598, 2009, pp. 551–555. https://www.sciencedirect. 
com/science/article/pii/S0168900208014186?via%3Dihub 
Accessed May 21, 2020. 

26. Aspinall, M.D., et al.: Verification of the Digital 
Discrimination of Neutrons and γ Rays Using Pulse Gradient 
Analysis by Digital Measurement of Time of Flight. Nucl. 
Instrum. Methods A, vol. 583, 2007, pp. 432–438. 
https://www.sciencedirect.com/science/article/pii/S016890
0207020864?via%3Dihub Accessed May 21, 2020. 

27. Pawelczak, I.A.: Studies of Neutron–γ Pulse Shape 
Discrimination in EJ–309 Liquid Scintillator Using Charge 
Integration Method. Nucl. Instrum. Methods A, vol. 711, 
2013, pp. 21–26. https://www.sciencedirect.com/science/ 
article/pii/S0168900213000880?via%3Dihub Accessed May 
21, 2020. 

28. Matzke, M.: HEPROW: Unfolding of Pulse Height Spectra 
Using Bayes Theorem and Maximum Entropy Method. 
Physikalisch-Technische Bundesanstalt, 2012. https://rsicc. 
ornl.gov/codes/ccc/ccc7/ccc-799.html Accessed May 21, 
2020. 

https://tpu.pure.elsevier.com/en/publications/effect-of-pd-and-dd-reactions-enhancement-in-deuterides-tidsub2su
https://tpu.pure.elsevier.com/en/publications/effect-of-pd-and-dd-reactions-enhancement-in-deuterides-tidsub2su
https://link.springer.com/content/pdf/10.1007/BF01289572.pdf
https://link.springer.com/content/pdf/10.1007/BF01289572.pdf
https://link.springer.com/article/10.1007%2FBF01292792
https://link.springer.com/article/10.1007%2FBF01292792
https://link.springer.com/article/10.1007%2Fs001140100267
https://link.springer.com/article/10.1007%2Fs001140100267
https://www.sciencedirect.com/science/article/abs/pii/S0375947403009552?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0375947403009552?via%3Dihub
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.044609
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.044609
https://journals.aps.org/pr/abstract/10.1103/PhysRev.48.500
https://journals.aps.org/pr/abstract/10.1103/PhysRev.48.500
http://ntrs.nasa.gov/
http://ntrs.nasa.gov/
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.93.034622
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.93.034622
https://link.springer.com/article/10.1134/S1547477113030035
https://link.springer.com/article/10.1134/S1547477113030035
https://www.sciencedirect.com/science/article/pii/S0168900201014991?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0168900201014991?via%3Dihub
https://doi.org/10.1007/BF01125020
https://link.springer.com/article/10.1007/BF01125020
https://www.sciencedirect.com/science/article/pii/S0168900215006889?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0168900215006889?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0168900215006889?via%3Dihub
https://www.researchgate.net/publication/309452653_Evaluation_of_Neutron_Light_Output_Response_Functions_in_EJ-309_Organic_Scintillators
https://www.researchgate.net/publication/309452653_Evaluation_of_Neutron_Light_Output_Response_Functions_in_EJ-309_Organic_Scintillators
https://www.researchgate.net/publication/309452653_Evaluation_of_Neutron_Light_Output_Response_Functions_in_EJ-309_Organic_Scintillators
https://pennstate.pure.elsevier.com/en/publications/ej-309-pulse-shape-discrimination-performance-with-a-high-gamma-r-2
https://pennstate.pure.elsevier.com/en/publications/ej-309-pulse-shape-discrimination-performance-with-a-high-gamma-r-2
https://pennstate.pure.elsevier.com/en/publications/ej-309-pulse-shape-discrimination-performance-with-a-high-gamma-r-2
https://www.sciencedirect.com/science/article/pii/S0168900208014186?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0168900208014186?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0168900207020864?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0168900207020864?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0168900213000880?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0168900213000880?via%3Dihub
https://rsicc.ornl.gov/codes/ccc/ccc7/ccc-799.html
https://rsicc.ornl.gov/codes/ccc/ccc7/ccc-799.html


NASA/TP-20205001616 15 

29. Goorley, Tim: MCNP 6.1.1—Beta Release Notes. Los 
Alamos National Laboratory, LA–UR–14–24680, 2014. 

30. Lang, R.F.: Characterization of a Deuterium–Deuterium 
Plasma Fusion Neutron Generator. Nucl. Instrum. Methods A, 
vol. 879, 2017, pp. 31–38. https://www.sciencedirect.com/ 
science/article/pii/S0168900217310380?via%3Dihub 
Accessed May 21, 2020. 

31. Mori, Y., et al.: Fast Heating of Fuel Assembled in a Spherical 
Deuterated Polystyrene Shell Target by Counter-Irradiating 
Tailored Laser Pulses Delivered by a HAMA 1 Hz ICF Driver. 
Nucl. Fusion, vol. 57, no. 11, 2017. https://iopscience.iop.org/ 
article/10.1088/1741-4326/aa7e4d Accessed May 21, 2020. 

32. Wolfram: Wolfram Mathematica. Version 11, 2018. http:// 
www.wolfram.com/mathematica/ Accessed May 21, 2020. 

 

https://www.sciencedirect.com/science/article/pii/S0168900217310380?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0168900217310380?via%3Dihub
https://iopscience.iop.org/article/10.1088/1741-4326/aa7e4d
https://iopscience.iop.org/article/10.1088/1741-4326/aa7e4d
http://www.wolfram.com/mathematica/
http://www.wolfram.com/mathematica/







	TP-20205001616
	Summary
	1.0 Introduction
	2.0 Experimental Setup, Data Acquisition, and Analysis
	2.1 Electron Accelerator and General Layout
	2.2 Cave Description
	2.3 Beam Characteristics
	2.3.1 Photon Flux
	2.3.2 Photodissociation Neutrons

	2.4 Neutron Detection
	2.4.1 Prompt Neutron Detection
	2.4.2 Prompt Neutron Signal Postprocessing
	2.4.3 Energy Calibration
	2.4.4 Signal Filtering and Hybrid PSD Approach
	2.4.5 Neutron Energy Determination

	2.5 Sample Materials and Methodology
	2.5.1 Sample Materials
	2.5.2 Case-Control Methodology


	3.0 Experimental Results
	3.1 Pulse Shape Discrimination Spectra
	3.2 Comparison of Fueled and Unfueled Results
	3.3 Neutron Spectra and Process Reproducibility
	3.4 Alternate Material Exposure: Titanium Deuteride
	3.5 Comparison of TiD2 and ErD3 Neutron Production
	3.6 Measurement Uncertainty

	4.0 Discussion
	4.1 Evidence of Fusion and Fast Neutrons
	4.1.1 Fusion Neutrons
	4.1.2 Efficiency of Detecting Fusion Neutrons
	4.1.3 Other Enhanced Nuclear Reactions

	4.2 Comparison of Current Deuteron Heating to Published Work
	4.3 Comparison of Measured and Theoretical Calculations
	4.3.1 d-D Fusion Rates, Calculation
	4.3.2 d-D Reaction Rates, Experimental


	5.0 Summary of Results
	6.0 Future Work
	References




